Both the vibrational and structural properties of coronene have been investigated upon compression up to 30.5 GPa at room temperature by a combination of Raman scattering and synchrotron x-ray diffraction measurements. The spectroscopic and crystallographic results demonstrate that two pressure-induced structural phase transitions take place at 1.5 GPa and 12.2 GPa where the highpressure phases are identified as monoclinic and orthorhombic crystal structures with space groups of P2/m and Pmmm, respectively. A kink in the slope of the cell parameters as a function of pressure is associated with the disappearance of several internal Raman modes, which suggests the existence of structural distortions or reorganizations at approximately 6.0 GPa. Above 17.1 GPa, almost no evidence of crystallinity can be observed, indicating a possible transformation of coronene into an amorphous phase.
I. INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs), that show extensive π -conjugation, have attracted much attention from chemists, physicists, and geoscientists because of their exceptional properties and extensive applications. [1] [2] [3] Due to the relatively open-shell molecular units, their electronic properties can be modified by doping the pure phase with electron donors or acceptors, as is the case for the superconductivity recently discovered in potassium doped picene 4 (C 22 H 14 ) . This discovery motivated the synthesis of a series of superconducting materials based on phenanthrene 5 (C 14 H 10 ), coronene 6 (C 24 H 12 ), and 1,2:8,9-dibenzopentacene 7 (C 30 H 18 ). Among these hydrocarbon based superconductors, the highest T c observed was ∼33 K in K 3.45 dibenzopentacene which surpasses the highest T c (14.2 K at 8.2 GPa) 8 achieved in charge-transfer organic superconductors. The pressure effect of such PAH superconductors is remarkable where the T c of K 3 picene (18 K phase) increases linearly with pressure up to 1.2 GPa with dT c /dP = 12.5 K GPa −1 , 9 however, the 7 K phase exhibits a negative pressure dependence. Within the phenanthrene based superconductors, Wang et al. 5 showed that T c was enhanced by the application of pressure. In some cases, pressure may even be the decisive parameter in achieving superconductivity such as the highest T c of 38 K oba) Electronic mail: xjchen@ciw.edu served in Cs 3 C 60 10 by the application of pressure. Thus, the application of pressure is of paramount importance to investigate superconductivity within organic based systems. Extensive investigations on PAHs have showed that pentacene, a straight-chain aromatic hydrocarbon, exhibited metallic character with a positive temperature coefficient of resistance at 27 GPa. 11 In addition, there is evidence that benzene enters a metallic phase at ∼200 GPa as predicted by some theoretical work. 12 Therefore, the investigation of the parent compound of PAHs based superconductors under pressure is of great importance.
Coronene, is assembled in a concentric disk with seven benzene rings, which has been described previously. 13 Pure coronene possesses monoclinic symmetry with two molecules per unit cell, the space group P2 1 /a and lattice parameters: a = 16.094(9) Å, b = 4.690(3) Å, c = 10.049(8) Å, β = 110.792 (2) • . It has been established 14, 15 that the dramatic change of its polarized luminescence spectra indicates a temperature-induced phase transition in the temperature range from 140 K to 180 K and another structural phase transition at 50 K. 16 In addition, a reversible phase transition between 2.0 and 3.2 GPa at room temperature was observed from Fourier-Transform Infrared spectroscopy experiments. 17 In a prior study, electron-intramolecular-phonon coupling and its role in the occurrence of possible superconductivity in the monoanions of coronene have been studied. 18 Furthermore, theoretical studies have attempted to account for the nature of PAHs-based superconductor based on electronphonon interaction. [19] [20] [21] Knowledge of the physics properties and electron-phonon interaction of coronene at high pressures is helpful to understand the origin and mechanism of superconductivity in PAHs. In order to understand the intermolecular interaction and electron-phonon interaction of coronene, a thorough study focused on the molecular vibrational properties and structure evolution of coronene under pressure is highly needed.
In this paper, we have performed high-pressure Raman scattering using a near infrared (785 nm) excitation as well as synchrotron x-ray diffraction (XRD) measurements on coronene. The high-pressure Raman spectra up to 10.9 GPa at room temperature reveal two phase transitions at approximately 1.3 GPa and 3.7 GPa. Further structural investigation using XRD up to 30.5 GPa shows two structural phase transitions at 1.5 GPa and 12.2 GPa as well as a structural distortion or reorganization at approximately 6.0 GPa. At higher pressures, XRD results indicate a possible transformation into an amorphous phase.
II. EXPERIMENTAL DETAILS
Coronene (99% purity) was purchased from TCI Co. and used without further purification. High-pressure Raman experiments were conducted at room temperature using Diamond Anvil Cells (DACs) with beveled anvils and culets of 400 μm without a pressure-transmitting medium. A stainless steel gasket with a drilled hole of ∼130 μm in diameter was used as the sample chamber. To calibrate the pressure a small ruby chip was placed in the sample chamber with the samples whereby measuring the wavelength shift of the ruby R 1 fluorescence line 22 gave an accurate measure of applied pressure. The LabRAM Aramis system with a spectrometer (with 1200 lines/mm grating) equipped with a di-monochromator and a charge coupled device detector was used for the measurement, achieving a spectral resolution of below 1 cm −1 . Raman spectra were obtained using a Raman microscope with a 785 nm stabilized diode-laser excitation.
Synchrotron XRD was carried out via the angledispersive experiments at the Beijing Synchrotron Radiation Facility (BSRF). Silicone oil was used as pressure transmitting medium to maintain quasi-hydrostatic pressure environment in the studied pressure range. The pressures were monitored by the ruby fluorescence shifts in the pressure range of 0.7-7.0 GPa. However, for pressure above 7.0 GPa, the signal of the ruby cannot be detected due to the fluorescence background. Therefore, we used a gold chip for pressure calibration at higher pressures. Comparison of both experiments shows the repeatability of the measurements, however, only the result of the first experiment is shown (pressures between 0.7 GPa and 7.0 GPa) as higher pressure shows strong contamination from the Au spectral intensity. The measurement was performed using a wavelength of 0.6199 Å and the experimental parameters were calibrated with standard CeO 2 powder diffraction. The two-dimensional diffraction images were converted to 2θ versus intensity data plots using the FIT2D software. 
III. RESULTS AND DISCUSSION

A. High-pressure vibrational properties
Vibrational spectroscopy can make direct measurements on the state of bonding within the material at high pressures. According to the selection rules, there are 24 Ramanactive modes in coronene: 6A 1g , 6E 1g , and 12E 2g . 23 Four of these eigenvectors: 1666 cm −1 (E 2g -derived), 1439 cm −1
(A 1g -derived), 481 cm −1 (A 1g -derived), and 354 cm −1 (E 2g -derived) are shown in Fig. 1 . Within our work, some low intensity modes, such as CH stretching located between 3000 and 3100 cm −1 could not be detected. The Raman modes observed in our study are listed in Table I where the initial spectrum taken at ambient pressure is in good agreement with those obtained in other theoretical and experimental studies. [23] [24] [25] [26] The similar vibrational properties have been investigated for phenanthrene 27 and picene. 28, 29 Raman vibrational spectra of coronene collected at high pressures up to 10.9 GPa are shown in Fig. 2 . For organic molecules the lattice and intramolecular vibrational modes are situated in different regions of frequency. Generally intramolecular modes, such as bond stretches and rotations, are located in the high-frequency region while the lattice modes, representing the translations and the rotations of rigid molecules, are seen in the low-frequency region. Within our data almost all the modes shift toward higher frequencies and some peaks are broadened with increasing pressure. The lattice modes exhibit more drastic changes than intramolecular modes, which are due to there being greater intermolecular distortions than intramolecular under applied pressure. On the basis of the splitting of doubly degenerate modes and the disappearance of well defined peaks as the pressure increased, it was confirmed that several pressure-induced phase transitions take place up to 10.9 GPa. 6 E 2g (Aromatic C-C stretching) 1211 1224 ν 7 A 1g (Aromatic C-C stretching) 1334 1351 1352 ν 8 A 1g (Aromatic C-C stretching) 1439 b 1369 1370 ν 9 A 1g (Aromatic C-C stretching) 1434 1438 ν 10 A 1g (Aromatic C-C stretching) 1447 1451 1452 ν 11 A 1g (Aromatic C-C stretching) 1603 1597 1599 ν 12 E 2g (Aromatic C-C stretching) 1617 1618 1618 ν 13 E 2g (Aromatic C-C stretching) The lattice modes show an interesting behavior where the intensity of the L 2 mode is higher than L 1 at 0.1 GPa, however, at 0.4 GPa this reverses. This behavior points to the exchange of the symmetry of the two modes and may result from Fermi resonance. 30 At 1.3 GPa, the Raman modes L 1 and L 2 show a dramatic increase in frequency associated with the two lattice modes that appear at 115 cm −1 and 155 cm −1
and then disappear at 3.7 GPa. The peak at 371 cm −1 , associated with C-C-C out of plane bending, splits into two modes, losing its degeneracy which is coupled with the overlapping peaks initially located at 488 cm −1 becoming more separated with the increase of pressure. These features in the Raman spectra suggest substantial changes in the crystal and molecular structures at 1.3 GPa. With a further increase of pressure up to 3.7 GPa, a new peak emerges from lattice mode range, whilst the spitting of the mode at 449 cm −1 disappears. More interestingly, the overlapping peaks with the frequency of 488 cm −1 , corresponding to C-C-C out of plane bending, combine into a single peak above 3.7 GPa where the new peak may be a superposition of the two mode excitations. Again, the changes of vibrational modes indicate that another phase transition may occur in this region of pressure. Additionally, the intramolecular mode (originally at 371 cm −1 ) shows a substantial broadening and loss of intensity above 3.3 GPa. Further increase of pressure up to 8.0 GPa shows a decrease in intensity associated with the lattice modes to the point where they are lost in the increasing fluorescence background.
For the higher frequencies significant changes can also be observed as pressure increases. The overlapping peaks (initially located at approximately 1599 cm −1 ) merge into a single peak at 1.3 GPa. The modes with frequencies 1028 cm −1 , 1224 cm −1 , and 1352 cm −1 are weakened and broadened by rotations and molecular interaction (vibrational relaxation) with the increasing pressure. The peak at 998 cm −1 corresponding to C-H out-of-plane bending disappears at approximately 3.3 GPa, while the band located at 1028 cm −1 , assigned to the C-H in plane bending, is sustained up to 6.8 GPa. This phenomenon seems to suggest that the molecular structure of coronene 31 is compressed into 2D planes by high pressure, thus the C-H out-of-plane bending is unfavorable due to increasing electrostatic repulsion of the atoms by the molecules above and below each coronene molecule. The modes at 998, 1224, and 1438 cm −1 disappear as the pressure up to 3.7 GPa. Furthermore, two modes merge into a peak at frequency of 1618 and 1632 cm −1 , which again provides further evidence for a phase transition taking place. With increasing pressure to 8.0 GPa, most of Raman peaks disappear except that the modes of 1352 cm −1 and 1370 cm −1 combine into a broad peak, which vanishes at the pressure of 10.9 GPa. In order to precisely determine the pressure at which phase transitions take place the pressure dependencies of Raman modes have been plotted out in Fig. 3 . It is clear that there are obvious discontinuities in the data at 1.3 GPa and 3.7 GPa confirming our conclusion of pressure induced phase transitions. There are two main pressure effects on the crystal vibrations: large shifts of the modes in the lattice modes region and slight modification of the intramolecular modes in the high-frequency region. Upon compression to 1.3 GPa, the lattice modes undergo a dramatic change where the van der Waals forces between molecules are altered due to the decrease of intermolecular space. Furthermore, two modes at 371 and 449 cm −1 lose their degeneracy and split into two separate modes at 1.3 GPa, also providing evidence of phase transition at 1.3 GPa. It is worth noting that the aromatic C-C stretching vibrational mode of ν 4 shows a negative frequency shift with increasing pressure to 0.9 GPa. This slight softening against pressure may arise from the rotation of molecules. When compressed to 3.7 GPa the sample undergoes a second phase transition where the lattice mode at 115 cm −1 and the internal modes of ν 2 , ν 4 , ν 9 , and ν 10 disappear. A further increase of pressure to 8.0 GPa, the Raman modes are significantly obscured and vanish at 10.9 GPa. The disappearance of Raman modes is possibly due to the generation of fluorescence (Rayleigh scattering), analogous to acetophenone azine, 32 and may also be due to the transformation of coronene into a disordered material similar to the amorphous hydrogenated carbon structure obtained in the pressureinduced reactivity of benzene. [33] [34] [35] The occurrence of fluorescence may also result from the shortened distance between molecules at high pressures where one may observe orbital overlap between two adjacent π -conjugated molecules (creating a new molecular orbital across two molecules), 32 or from excited structural defects similar to pyrene. 
B. Analysis of structural evolution with pressure
In order to further explore the pressure dependence of coronene, high-pressure XRD measurements were performed up to 30.5 GPa. Figure 4 shows some representative XRD patterns collected under various pressures at room temperature. The ambient condition diffraction data (phase I) can be fit using the space group P2 1 /a and the fitted results are shown in Fig. 5(a) . The lattice parameters calculated from the fitted results are a = 16.0929(6) Å, b = 4.6835(7) Å, c = 10.0600(6) Å, and β = 111
• , which are in good agreement with previously reported data. 13 When looking at the evolution of the diffraction patterns as a function of applied pressure (Fig. 4) the peak positions shift to higher angles (smaller d-spacing) as the crystal structure is compressed. Upon compression to 0.7 GPa, the XRD pattern exhibits a dramatic changes in the number, intensity, and sharpness of peaks. It appears that the phase change is completed at 1.5 GPa, consistent with the Raman spectroscopy data. Compression up to 12.2 GPa shows a decrease and broadening in peak intensities, accompanied with the disappearance of several diffraction peaks (see arrows in Fig. 4 ). At pressures above 17.1 GPa, almost no signal of crystallinity can be detected, except for the only diffraction peak at approximately 2θ = 4
• (d = 8.877 Å), corresponding to (001) diffraction peak at ambient condition with the space group P2 1 /a. The characteristic length is related to the distance of intermolecular of coronene. To further investigate the structural evolution under pressure, full refinements of diffraction patterns up to 14.4 GPa using the Le Bail method with GSAS software were carried out. 37 Since there is little information of the crystal structure available for coronene at high pressures, the possible crystal structures of unknown phases were analyzed with the programs DICVOL 06 38, 39 and PEAKFIT V4. For phase II, the XRD pattern at 5.7 GPa was indexed as a low symmetry system with either a monoclinic or orthorhombic unit cell. According to the Raman spectroscopy results, both the splitting of several bands and the appearance of new peaks provide evidences for lower symmetry within phase II. In addition, when we attempt to fit the pattern with a body centered orthorhombic structure, such as the space groups of I222, I2 1 2 1 2 1 , Imm2, Immm, Iba2, Ibam, Ibca, and Imma, as previously suggested, 14 the fitted results are poor. Therefore, since it was not possible to fit the data with a body centered orthorhombic structure, this can be safely ruled out. A better fit to the data was provided when using a monoclinic space group, such as P2/m, which showed a good fit to the data, as shown in Fig. 5(b) . The lattice parameters were calculated to be a = 16.4358(9) Å, b = 4.5584(7) Å, c = 8.9553(8) Å, and β = 100
• . Although the XRD diffraction pattern at 0.7 GPa is similar to that at 1.5 GPa data, several characteristic peaks of P2 1 /a were also observed, which indicate a transient phase at 0.7 GPa.
In Fig. 4 , there is a change at 12.2 GPa where the third phase (phase III) was indexed as either monoclinic or orthorhombic. Previously reported data 14 show that the x-ray diffraction pattern at 1.8 GPa is similar to an orthorhombic system, however, one peak could not be assigned. Taking the above Raman spectroscopy results into consideration, the number of Raman active bands decrease with increasing pressure above 3.7 GPa, indicating the material possesses higher structural symmetry at higher pressures. The monoclinic system can be ruled out due to unreasonable figures of merit (M,F) and/or illogical volume of the cell. Thus, it can be reasonably assumed that the structure changes completely into an orthorhombic structure under high pressure. We choose an orthorhombic structure with the space group Pmmm to fit the patterns of XRD above 12.2 GPa based on the indexed results. The difference between the observed and the calculated XRD intensity distribution is reasonable where Fig. 5(c) shows the fitted results for phase III (12.2 GPa) with the space group Pmmm with unit cell parameters of a = 9.8218 (3) Å, b = 8.5112 (3) Å, and c = 7.2519(2) Å.
The pressure dependence of the lattice parameters a, b, and c up to 14.4 GPa studied at room temperature is plotted in Fig. 6 . From discontinuities in the data one can assign phase transitions as a function of pressure. The first occurs at approximately 1.5 GPa, consistent with the observed 1.3 GPa phase transition in the Raman spectroscopy data (see Fig. 3 ). For phase II at the lower pressures below 6.0 GPa the lattice of coronene is much more compressible in the longer a axis than the shorter c axis while the angle β keeps constant at 99
• . It is worth noting that in the high pressure region of phase II the lattice parameters of a and b show a discontinuity at 6.0 GPa, while the angle β exhibits a step decrease to 95
• , however, there is no variation in volume. A kink in the pressure slope of lattice parameters results from the changes of the crystalline orientation or structural reorganizations of the molecules themselves. The structural distortions or reorganizations at approximately 6.0 GPa is consistent with the phase transition at 3.7 GPa observed in the Raman spectra. Raman spectroscopy can probe local molecular distortions, however, using XRD, one is sensitive to only bulk changes. The slightly different critical pressures between Raman and XRD can be explained in terms of nonhydrostatic pressure environment in Raman measurement. For phase III, all the three cell parameters are almost pressure-independent, which suggests the material has become a much more tightly crystal packed structure. Figure 7 plots the unit cell volume V as a function of pressure at room temperature, together with the least-squares fit to the semi-empirical second-order Murnaghan equation of states (EOS) 40, 41 defined as
where K 0 is the isothermal bulk modulus, K 0 is the pressure derivative (=dK 0 /dP), and V 0 is the volume of the unit cell at zero pressure. The fit to the data within the phase II region results in values of K 0 = 6.8(5) GPa and K 0 = 4 where the value of bulk modulus is in agreement with anthracene, 42, 43 which is in the range of 6.5-7.5 GPa. Within phase II, van der Waals interactions play a dominant role, which leads to the small value of the bulk modulus. A slow change of unit cell volume is probably associated with the intramolecular interaction where for phase III a dramatic change indicates that the coronene molecules are forced to change into a more compact, higher symmetry, configuration at high pressure. The figure also illustrates the two structural changes at 1.5 and 12.2 GPa.
It is worth noting that above 17.1 GPa almost no signal of crystallinity can be detected except for one peak which exists up to 30.5 GPa. Interestingly, the peak is the only reversible diffraction peak when decompressed from 30.5 GPa, showing the structure has undergone an irreversible change on compression where coronene may transform into amorphous clustered regions under pressure. The XRD data exhibit that all the lattice parameters become almost pressure independent above 12.2 GPa, indicating that the intermolecular distance is small enough to form a highly incompressible phase, analogous to high-pressure behavior of C 60 *m-xylene. 44 Furthermore, the XRD pattern up to 30.5 GPa is also similar to those observed in compressed C 60 *m-xylene, where unsaturated carbon atoms are converted into saturated carbon under applied pressure, giving a further evidence for transformation of coronene into an amorphous phase.
IV. CONCLUSIONS
We have investigated the structural and vibrational properties of coronene at high pressures up to 30.5 GPa by a combination of Raman scattering and synchrotron x-ray diffraction measurements. High pressure Raman spectra of coronene revealed two phase transitions at 1.3 GPa and 3.7 GPa where the different phases are due to changes in both inter-and intramolecular distances. Synchrotron XRD was used to investigate the pressure-dependence of the structure up to 30.5 GPa at room temperature. The results indicate two structural transitions at 1.5 GPa and 12.2 GPa where the space groups for the high-pressure phases were determined to be P2 1 /a for phase I (ambient), P2/m for phase II (1.5 ≤ P ≤ 12.2 GPa), and Pmmm for phase III (P ≥ 12.2 GPa). The change of lattice parameters in phase II suggests there is structural distortion or reorganization at approximately 6.0 GPa, coinciding with the results observed from Raman spectra. At higher pressure, coronene transforms into an amorphous phase where the original crystal structure could not be recovered on decompression. These subtle changes in crystal structure may facilitate research into the mechanism of superconductivity at high pressures within organic based materials. 
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